carbons were found to act either synergistically or competitively. Surface acidity, by enhancing the affinity of the carbons towards NH 3 adsorption, contributed to an ammonia selective detection.
Introduction
The application of nanoscale carbon-based materials such as exfoliated graphene sheets, reduced graphene oxide and carbon nanotubes as gas sensors has been extensively addressed in the literature (Ghosh et al. 2014; Huang et al. 2012; Wang et al. 2014; Zhang et al. 2015) . Such materials exhibit a high sensitivity towards specific gases, however they lack a selectivity. Therefore various functionalization processes such as high cost metal/metal oxide doping or polymer coating, are usually required (Huang et al. 2012; Nguyen et al. 2013; Xiang et al. 2015) . The complexity of surface modifications targeting an improved selectivity directed our attention to the application of nanoporous (microporous) carbons for the first time as toxic gas sensors Travlou et al. 2015) . They may have a limited conductivity compared to the above-mentioned carbon-based materials, however, they exhibit certain advantages such as an extensive surface area, developed internal porous structure, and rich surface chemistry, which favor their application as gas sensors (Gonçalves et al. 2011; Luo et al. 2015; Travlou et al. 2015) . Especially the latter feature allows a better selectivity without the need for further functionalization/doping processes.
Recently we have shown that the electrical performance of nanoporous carbons depends on the specific interactions Abstract Activated carbons, either synthetic, developed in our laboratory, or commercial were prepared or further modified, in order to introduce specific heteroatoms such as oxygen, nitrogen and sulfur to their matrix. Chips with thin layers of active materials were prepared and used for ammonia or hydrogen sulfide sensing. They showed high sensitivity and their response was selective. They also responded linearly to changes in various ammonia concentrations. The incorporation of specific heteroatoms to the carbons matrices was an effective means to control the type of the charge carriers, and thus the electronic and transport properties. Depending on the specific chemical arrangement of heteroatoms, materials exhibiting n-or p-type conduction were obtained. Pyridines and nitropyridines played an important role. A small amount of ammonia was oxidized to NO 2 on the surface of sulfur and nitrogen co-doped carbons, due to their ability to generate superoxide ions. When adsorbed in the pore system of the carbons, it affected the electrical signal due to an increase in the population of holes as charge carriers. The synergistic effect between the heteroatoms greatly enhanced the electrical response of the chips. The mechanism governing the reversible sensing involved several processes, including specific interactions between NH 3 and surface functional groups, pore-filling with NH 3 /NO 2 , and electron-hole conductivity. The structural and chemical features of the 1 3 of gas molecules with surface functional groups, and the physical adsorption of these molecules in a pore system Travlou et al. 2015 Travlou et al. , 2016b . The incorporation of specific heteroatoms to a carbon matrix is an effective way of altering carbons' chemical and structural features, and controlling their electronic properties (Kiciński et al. 2014 ). Owing to its various oxidation states, sulfur, either in its oxidized forms (e.g. sulfoxides, sulfones) that are usually located in the larger pores, or in its reduced forms (e.g. sulfides, thiophenic configurations), which can be present in very small pores, is able to alter the electronic configuration/chemistry of the neighboring carbon atoms. This greatly affects the nature of the interactions with guest molecules (Kiciński et al. 2014; Seredych and Bandosz 2013; Zhao et al. 2012) . The incorporation of nitrogen into the sp 2 carbon lattice offers an additional way to manipulate the electronic properties of carbonaceous materials (Luo et al. 2013; Ostafiychuk et al. 2013; Wang et al. 2012) . Depending on the specific configuration of N-heteroatoms several electronic properties can arise and they affect the type of charge carriers. DFT calculations on N-doped graphene have demonstrated that pyridineand pyrrole-type nitrogen act as a p-type dopants, while N-atoms with a coordination number of three are considered to be n-type dopants (Ni et al. 2012; Usachov et al. 2011; Wang et al. 2010) .
The objective of this paper is to present the summary of the results obtained so far in our laboratory on the ammonia sensing capability of nanoporous carbons containing O-, S-and N-heteroatoms, and to show how their surface chemical features and pore structure affect the electrical response, sensitivity and selectivity (Travlou et al. 2015 (Travlou et al. , 2016b . Considering that according to the Occupational Safety and Health Administration (OSHA) 50 ppm of NH 3 is the permissible exposure limit over an 8-hours work-day, and 500 ppm of NH 3 is the maximum short exposure tolerance (OSHA 2016), we decided to carry out the sensing tests at this specific concentration range.
Materials and methods

Carbons used as sensing materials
A commercial wood-based activated carbon BAX-1500 (Mead-Westvaco) was used in this study. The carbon was oxidized with 50% nitric acid for 5 h and this sample is referred to as BAX-O. BAX was also treated with a melamine suspension, which was followed by a heat treatment at 450 °C, to obtain BAX-M. The latter sample was further oxidized with 50% of HNO 3 for 5 h. The sample obtained in this way is referred to as BAX-M-O. The details on these carbons preparation are described elsewhere (Travlou et al. 2015 (Travlou et al. , 2016c .
C-AO and C-BO carbons were obtained by the carbonization and further air oxidation of poly (4-ammonium styrene-sulfonic acid), and a 1:1 mixture of 30% solution of poly (4-ammonium styrene-sulfonic acid) and poly (4-styrenesulfonic acid-co-maleic acid) sodium salt, respectively. The details on these carbons preparation are described elsewhere (Seredych et al. 2014; Travlou et al. 2016b ).
Methods
Sensing
Slurries of the active materials were coated on sensing chips (8 mm × 8 mm thin-film gold interdigitated electrodes, with 50 μm lines/spaces on an alumina substrate). The thickness of the obtained films was ~15 μm. The details are presented elsewhere. (Travlou et al. 2016c) .
For the sensing test the carbon-coated chips were placed into a 20 cm 3 home-made gas chamber and connected to a VersaSTAT MC electrical monitor (AMETEK, Princeton Applied Research). For the establishment of a dynamic equilibrium, the chamber was initially purged with dry air. A reversible sensing was carried out by exposing the chips to various gas concentrations, with a total flow rate of 500 mL/min, at room temperature, and applying 1 V voltage. The sensitivity was monitored in terms of the extent of the changes in the normalized resistance, according to the equation (ΔR/R o ) = (R t − R o )/R o , where R o is the resistance of the sensor before exposure to NH 3 , and R t is the resistance at any time, t.
Characterization
Impedance spectroscopy was carried out on VersaS-TAT MC (AMETEK, Princeton Applied Research) in 0.5 M·Na 2 SO 4 , using a three-electrode cell, where Ag/ AgCl·(3 M·KCl) was a reference electrode, the active material was a working electrode, and a platinum rod-a counter electrode. The frequency range used was 0.05 Hz-100 kHz with a 10 mV AC amplitude, at various potential vs reference electrode, ranging from −0.4 to 1.0 V.
The chemical composition of the prepared carbon samples was analyzed using X-ray photoelectron spectroscopy (XPS) analysis. For the measurements a Physical Electronics spectrometer (PHI 5700) was used at a base pressure of 5 × 10 −9 Torr. A MgKα was used as the X-ray radiation source (1253.6 eV).
Sorption of nitrogen at its boiling point was carried out using an ASAP 2020 Surface Area and Porosity Analyzer (Micromeritics). All samples were outgassed at 120 °C to constant vacuum (10 −4 kPa), prior to the analysis. From the isotherms, the surface areas and pore volumes were calculated. Pore size distributions were obtained using Density Functional Theory (NLDFT) was (Jagiello and Olivier 2013a, b) .
To evaluate the affinity of the carbons towards water adsorption, predetermined amounts of dry carbon samples, were exposed to water vapors for 24 h, in an air-tight environment, at room temperature. The adsorbed amount (in wt%) was determined from the weight difference of the carbons before and after the exposure.
Results and discussion
We tested the ammonia sensing capability of a commercial wood-based activated carbon sample, BAX, and of its oxidized counterpart, BAX-O (5h oxidation with 50% HNO 3 ,) to evaluate the role of N-and O-heteroatoms (Travlou et al. 2015) . These two carbon chips were initially exposed to 500 ppm of ammonia, till the electrical signal reached a plateau (Fig. 1) . The signal stabilization was related to the exhaustion of all reactive surface sites, as a result of chemical reactions between ammonia and the surface functional groups (Travlou et al. 2015) . At this point, ammonia was turned off and the chamber was purged with dry air. This caused the removal of weakly adsorbed gas molecules. Judging from the percentage change (increase or decrease) of the electrical signal, during this initial stabilization stage, we were able to evaluate whether chemisorption or physisorption was a predominant interaction type. Thus, based on the results presented in Fig. 1 , for BAX-O, the greater percentage change in the normalized resistance (20% vs 12% for BAX) indicates that physisorption is more pronounced for this sample than for BAX. It was interesting that the two samples exhibit opposite trends in their electrical signal. While for BAX the normalized resistance upon ammonia exposure increased, an opposite trend was found for BAX-O. This indicates that oxidation changed the electrical properties of the BAX carbon matrix. To better understand how oxidation with nitric acid altered the electrical properties of the carbon samples the surface chemical features and pore structure of the initial and exposed to ammonia samples were extensively characterized.
The chemical nature of the surface functional groups was analyzed using XPS (Fig. 2) . As expected, oxidation with nitric acid led to an increase in the total content of oxygen. Interestingly, based on the deconvolution of the N 1 s core energy level, an increase in the total content of nitrogen was also observed, mainly in nitro-type complexes. Their formation was found to be important, since they led to the functionalization of the carbon matrix with acceptor-type defects. The latter were most likely responsible for the alteration of the electrical properties of our carbons. Further increase in the relative concentration of the nitro-type complexes on the surface of the exposed to ammonia samples, suggested that some extent of surface oxidation took place during the NH 3 adsorption. (Travlou et al. 2015) To further examine the influence of oxidation on the conduction type of the carbons tested, we decided to treat them as semiconductors, and apply the Mott-Schottky approach based on Impedance Spectroscopy measurements. In a typical Mott-Schottky plot linear trends with positive and negative slopes indicate the existence of n-and p-conduction type, respectively. Figure 3 shows that based on the slopes, the carbons tested exhibit both conduction types, with BAX being predominantly p-type and BAX-Opredominantly n-type (Travlou et al. 2015) . This means that positively charged holes and electrons are the main charge carriers, respectively.
The above results suggest that functionalization of the carbon surface with the nitro-type complexes caused the annihilation of the holes in the carbon matrix itself, resulting in the conversion in the conduction type of the carbon matrix from predominantly p− to predominantly n−. This is in agreement with a previously reported study which showed that the treatment of carbon black with HNO 3 caused the depletion of holes (Liu et al. 1995) .
In an attempt to deeper evaluate the role of specific surface nitrogen-containing groups, two additional modification treatments were applied, as illustrated below. BAX was first impregnated with melamine and then heat treated at 450 °C. As a next step, the carbon obtained in this process was oxidized with 50% HNO 3 for 5 h.
Interestingly, even though nitric acid was once again used as the oxidizing agent, it didn't have the same effect on the electrical properties of the BAX and BAX-M carbons, and in fact it did not cause any conversion in the conduction type, which was observed for the former sample (Fig. 3) (Travlou et al. 2016c) .
Based on the previously reported results of the XPS analysis (Travlou et al. 2016c) , heat treatment of the melamine impregnated sample led to an increase in the contribution of pyridinic groups in the carbon matrix. They act as electron-acceptor defects, and thus induce a p-type conductivity (Usachov et al. 2011 ). In the case of BAX-M-O further oxidation resulted in the transformation of some pyridines to nitropyridines. They also contributed to a p-conduction type, due to the electron acceptor nature of the nitro-moiety.
These results suggest that the electronic properties of activated carbons depend not only on the type of the N-defects, but also on their concentration and distribution in the carbon matrix. Considering that with an increase in the temperature, the mobility of the N-atoms increases, which allows the conversion of one nitrogen species to another, the electronic properties also depend on thermal treatment conditions (Scardamaglia et al. 2015; Sheng et al. 2011) .
The reversible sensing capability of the carbons was examined by exposing them to various ammonia concentrations. All samples exhibited an excellent reversibility (Travlou et al. 2015) ; Copyright 2016, American Chemical Society (Travlou et al. 2016c) and repeatability of the response (Fig. 4) . Furthermore, the normalized resistance varied linearly with the increasing ammonia concentrations, which is a desirable feature of a gas sensor. It is worth mentioning that the sensitivity of the chips reached ~35%, which is comparable to that of carbon nanotubes or modified graphene (Johnson et al. 2011; Mangu et al. 2011; Yavari et al. 2011) .
The selectivity of the sensors was examined by exposing them to hydrogen sulfide (H 2 S), which similarly to ammonia is an electron donating gas, but of a different chemistry (acidic) (Travlou et al. 2015 (Travlou et al. , 2016c ). The selectivity was tested in terms of the changes in the normalized resistance (sensitivity of a sensor), and in terms of the response time, which indicates how fast a sensor can respond to an environmental change. As seen in Fig. 5a the exposure of BAX, BAX-O, BAX-M and BAX-M-O to H 2 S resulted in a much slower response than that to NH 3 . For BAX-O for instance, it took only 2 min for the signal to reach the maximum value of normalized resistance and stabilize upon ammonia exposure. On the other hand, upon its exposure to H 2 S almost 1 h was needed for the signal to reach the stabilization.
The electrical response (selectivity) of the materials based on the response time to ammonia is illustrated in Fig. 5b . As seen, exactly the same exposure times as those to H 2 S led once again to greater signal changes for ammonia than those for hydrogen sulfide. We linked the very low sensitivity of the carbons toward H 2 S to their acidic surface properties (Bandosz 2002 ). In the case of BAX-M, where basic nitrogen-type groups are expected to attract H 2 S, the low sensitivity could be also related to the much slower kinetics of the reactive adsorption process.
To the best of our knowledge even though many studies have reported the usage of S-and N-co-doped carbonbased materials in various electrochemical applications such as supercapacitors, oxygen reduction, or water splitting (Liang et al. 2012; Seredych et al. 2014; Tsubota et al. 2011) , our research group is the first one to address their application as gas, and specifically ammonia gas sensors (Travlou et al. 2016b ). To examine the ammonia sensing capability of S-and N-dual-doped nanoporous carbons, we prepared two carbon samples referred to as C-AO and C-BO (Travlou et al. 2016b) .
Similarly to the BAX carbon series, C-AO and C-BO chips also exhibit an excellent reversible and repeatable sensing capability when exposed to continuous NH 3 / air cycles (Fig. 6) . Furthermore both chips respond linearly to changes in the ammonia concentrations (Fig. 6c) . The error bars included in Fig. 6c represent the standard deviations of the resistivity measured during exposure to various NH 3 concentrations. The relative σ (% RSD) values are 3.3 ± 1.4% and 7.2 ± 1.3% for C-AO and C-BO, respectively. (Travlou et al. 2016c) In our previous studies Travlou et al. 2015) we found a direct relationship between the volume of ultramicropores (V < 0.7 nm) which govern ammonia retention at ambient conditions (Petit et al. 2010 ) and the sensitivity of the carbon-chips. The results presented here ( Fig. 6b ; Table 1 ) rather show that for the carbons addressed in this paper there is no direct relationship between these two parameters. C-AO for example exhibits larger changes in the normalized resistance compared to those for C-BO, however it has a smaller volume of ultramicropores. This indicates that the surface chemical features rather than the pore structure govern the electrical behavior of the carbons tested.
The changes in the normalized resistance of the S-and N-dual doped C-AO and C-BO carbons and of another carbon that contains only sulfur, C-2, and whose ammonia sensing capability we reported in the previous study ) are compared in Fig. 7a . Interestingly, even though all three materials have similar surface areas, the considerably higher sensitivity of the dual-doped carbons, and especially of C-AO, indicates the key role of the surface chemical heterogeneity on the sensors' response. Based on the XPS analysis (Fig. 7b) , the superior performance of the dual-doped carbons was linked to the increase in the contribution of active oxygen species (O 2 − ) to surface reactivity upon the exposure of the chips to ammonia. These species are generated on the surface of heteroatom containing carbons (Strelko et al. 2004) , and are able to partially oxidize ammonia to nitrogen dioxide. The latter, as a strong oxidant, can further oxidize the carbons' surface. The oxidized N-species were detected on the surface of the samples exposed to ammonia, based on the deconvolution of the N 1 s core energy level (Fig. 7c) .
We have also tested the effect of humidity on the ammonia gas sensitivity of the dual-doped nanoporous carbons. It was found to enhance their electrical performance (Fig. 8 ) (Travlou et al. 2016a) . That effect was linked to several mechanisms such as proton transport through ionic conductivity (Grotthus reaction) (Agmon 1995) , electron-hole conductivity, which is related to the conduction type of the carbons and the ability of water molecules to donate electrons, as well as to the ability of the latter molecules to weakly interact with the surface functional groups. Comparing the performance of C-AO to C-BO under moist conditions (Fig. 8b) , the former one exhibits much greater changes in the normalized resistance (34.9% for C-AO vs 6.3% for C-BO). A reasonable explanation for this difference is the higher affinity of the C-AO carbon surface to adsorb water, due to the high contribution of sulfonic groups (water adsorbed on C-AO and C-BO, 8.9 and 3.8%, respectively) (Travlou et al. 2016a) .
Based on the extensive surface characterization, and the electrical performance of the carbons, a complex sensing mechanism was proposed (Travlou et al. 2015 (Travlou et al. , 2016b (Travlou et al. , 2016c . It includes specific forces affecting the physical adsorption of the target gas, such as hydrogen bonding between the molecules of ammonia and the O-, N-and Ssurface functional groups, and dipole-dipole interactions due to the pore filling of the carbon matrix by NH 3 molecules. Such interactions, by providing alternate paths for a charge transport across the ultramicropores through charge hopping mechanisms, are responsible for the decrease in the normalized resistance upon the exposure of the samples to ammonia. A similar electrical outcome might be also linked to the higher DC conductivity of ammonia present in the pore system (especially in pores smaller than 0.7 nm) compared to that of air (Lide 2005) . Furthermore, the chemical reaction of ammonia in the very small pores with surface acidic groups leading to the formation of ammonium salts is an additional pathway promoting ionic conductivity.
For the p-type BAX and BAX-M carbons, where positively charged holes are the main charge carriers, the increase in the normalized resistance could be the result of the depletion of the number of holes in the carbon matrix itself, due to the electron donating character of NH 3 . In the case of the dual-doped C-AO and C-BO samples, whose ability to activate oxygen and to form superoxide ions (O 2 − ) resulted in the partial oxidation of NH 3 to NO 2 , the decrease in the normalized resistance is linked to the electron withdrawing character of the latter species. A similar mechanism involving the oxidation of the target gas to NO 2 Fig. 6 a Changes in the normalized resistance of C-AO and C-BO upon their initial exposure to ammonia and subsequent air purging after the signal stabilization. b Response curves of C-AO and C-BO upon their exposure to various ammonia concentrations. c Dependence of ΔR/R o of the oxidized samples on the NH 3 concentrations. Copyright 2016, Elsevier (Travlou et al. 2016b ) Table 1 The parameters of porous structure calculated from nitrogen adsorption isotherms a Data taken from Reference (Seredych et al. 2014) . Copyright 2014, Elsevier (Seredych et al. 2014 
Conclusions
The results of our studies obtained so far and summarized in this paper let us to determine the effects of nanoporous carbon surface features on their conductive properties. The features that make the carbon chips superior to other carbon-based materials reported in the literature is their rich surface chemistry that offers a good selectivity, and therefore allows to discriminate ammonia from other reducing gases, and the developed porosity. The reversible sensing capability of the carbons, which is related to a physical adsorption process of ammonia in ultramicropores (V < 0.7 nm), and thus its interaction with the surface functional groups through specific forces, is mainly governed Fig. 7 a Comparative bar graph of the chip normalized resistance changes (%) (at 500 ppm of ammonia) and surface area of the nanoporous carbons addressed in this work and a previously studied S-doped nanoporous carbon. b, c Surface concentration of the specific oxygen and nitrogen surface functional groups. The surface area data for C-AO and C-BO is taken from Ref. (Seredych et al. 2014 ) and the data on CS from Ref. . Copyright 2016, Elsevier (Travlou et al. 2016b ) Fig. 8 Dependence of the normalized resistance change on the various ammonia concentrations for the samples in dry (a) and moist (b) conditions. The suffixes-ED and -EM are added to the names of the resulting exhausted samples after exposure to ammonia in dry and humid conditions, respectively. Copyright Elsevier, 2016 (Travlou et al. 2016a by charge hopping mechanisms. Electron/hole conductivity also governs the reversible sensing. It was found that the specific arrangement of heteroatoms can result in p-or n-type dopants, which offers an effective mean to control the electronic properties of the carbons. Chemical heterogeneity, and more precisely the synergy between the different heteroatoms plays a key role in the enhancement of the carbon-chip responses. An interesting finding of this work is that based on the degree of the signal reversibility during the initial stabilization stage of the carbons, we are able to make a first estimation whether chemisorption or physisorption is the predominant adsorption mechanism. When the oxidized carbons were exposed to H 2 S, small signal changes were measured owing to the limited adsorption of H 2 S in the pore system of the carbons of acidic surfaces. In this way the sensor selectivity was demonstrated. The advantage of using nanoporous carbons as toxic gas sensors is their ability to not only detect toxic gasses, but also to protect against their exposure. Their protection capability is related to the developed pore structure, which results in a high adsorption capability. Of course the integration of sensing and adsorption capability is a very complex engineering problem and it needs a further and extensive study.
